Introduction
The detection of genetic loci that affect quantitative traits (QTL) by linkage to genetic markers was first reported in 1923 (Sax, 1923) . Since then, a number of researchers have demonstrated its feasibility (Kluge and Geldermann, 1982; Paterson et al., 1988; Beever et al., 1990) and others have 'This study was supported by the National Pork Producers Council, the USDA , and the Univ. of Illinois Agric. J. Anim. Sci. 1992 Sci. . 702695-2706 investigated potential applications (Soller and Beckmann, 1983; Lande and Thompson, 1990; Weller and Fernando, 1991) . One application of value to animal agriculture is that of markerassisted selection (MAS), whereby marker information is included in biometric models used for selection (Fernando and Grossman, 1989) . A limiting factor in the use of MAS in pig breeding programs is the paucity of genetic markers assigned to the porcine genetic map (Fries et al., 1990; Schook et al., 1990 ; Thomsen et al., 1990) . The objectives of this study were to expand the genetic map of the pig and to detect QTL for growth and carcass traits. If two markers or a marker and a QTL are linked, most offspring of a parent heterozygous at both loci would be in the same linkage phase. This allows marker-marker and marker-QTL linkage analysis by family study.
Results are presented of the linkage analysis between four markers and between these markers and production traits in the offspring of a single heterozygous boar.
Experimental Procedure

Animals
A total of 12 boars at the University of Illinois Moorman Swine Research Farm and Swine Research Center were bled and screened for nine genetic markers to determine the best boar (heterozygous for the maximum number of markers) for the study. The markers were haptoglobin (HPI, glucosephosphate isomerase (GPI), phosphogluconate dehydrogenase (PGD), esterase D (ESDI, hemoglobin, ceruloplasmin, phosphoglucomutase, malate dehydrogenase, and lactate dehydrogenase. Of these markers only the first four were found to be polymorphic, and the Duroc boar selected for this experiment was heterozygous at all four of these loci. The boar was randomly mated to Duroc and Landrace sows and produced 30 litters during a n 8-mo period (December 1988 to June 1989 . Twenty-four of these litters were purebred and six had Landrace dams. Thirteen dams had been culled before the boar was identified for this study; therefore, marker data were available for only 17 of the 30 dams (16 Duroc and 1 Landrace). A total of 186 progeny survived to market weight (103.4 kg, SD = 8.9 kg). Performance and marker data were collected on all progeny irrespective of the availability of marker data on the dam.
Management and Data Collection
Sows were bred during the 1st and 2nd wk of each month. The number of fully formed pigs born and number of pigs born alive were recorded within 24 h of birth, as were individual pig weights on all fully formed pigs. All litters were farrowed in confinement and boar pigs were castrated during the first 7 d of life. Pigs were given ad libitum access to a 22% CP creep feed beginning at 3 wk of age and continuing through 7 wk of age. Individual pig weights were recorded at 19.8 d (SD = .9 d) and at weaning (29.3 d, SD = 5.0 dl. At weaning, pigs were penned by size in a n environmentally controlled nursery on fully slatted, expanded metal floors, where the CP level of the pigs' diet was gradually reduced to 18%. From approximately 12 wk of age to market weight (103.4 kg, SD = 8.9 kgl pigs were grouped in pens of 8 to 10 pigs in a n enclosed growing-finishing house and given ad libitum access to a 16% CP corn-soybean meal diet. Pigs were weighed on-test 1 wk after they were moved to the growing-finishing house (35.9 kg, SD = 7.1 kg) and off-test a t the end of the finishing period (103.4 kg, SD = 8.9 kgl. Age and days ontest were recorded when pigs were weighed off-test.
Growth traits analyzed were birth weight, 20-d weight, weaning weight, ADG from 35.9 to 103.4 kg, and age a t 103.4 kg. Sixtyseven purebred Duroc and F1 Duroc x Landrace barrows and 18 crossbred gilts were transported either to the University of Illinois Meat Science Laboratory or to a packing plant in St. Louis, MO for slaughter and carcass evaluation. No Duroc gilts were sent for carcass evaluation because they were retained as breeding herd replacements.
Hot carcass weight was recorded after slaughter and evisceration. Other carcass traits were measured 24 h postmortem on the right side of each of the 85 carcasses. The carcass traits analyzed were carcass length, average (of first rib, last rib, and last lumbar vertebra) backfat thickness, 10th rib backfat thickness (TRBF), 10th rib longissimus muscle area (LMA), and longissimus color, firmness, and marbling and ham muscling scores. Scores ranged from 1 (pale, soft, slight marbling, and light muscling) to 3 (dark red, firm, and moderately dry, abundant intramuscular fat, and heavy muscling). Estimated fat-standardized lean (FSLI and estimated lean gain per day of age (LDOA) were calculated as functions of hot carcass weight, TRBF, LMA, and age (Grisdale et al., 1984) .
Genotyping at Marker Loci
All pigs and available dams were bled for marker typing. The pigs were bled at approximately 5 mo of age. Blood was drawn from the jugular vein of each animal and collected in serum tubes with anticoagulant (acid citrate dextrose solution). Serum was retained and frozen, and red blood cells were washed and frozen.
Agarose gel electrophoresis of hemolyzates was used to detect allelic differences in GPI, PGD, and ESD. Gels consisting of 1.5% agarose were used in a continuous sodium phosphate buffer system, pH 7.2 (Gahne and Juneja, 1985) . The gel buffer was a 10-fold dilution of the electrode buffer. Gels were left overnight and blotted with filter paper before electrophoresis. Samples (6-@ hemolyzate) were applied in a single row in the center of the gels and allowed to absorb into the gel for 15 min. The excess was removed with filter paper.
Electrophoresis was conducted at 200 V for 1.5 h. The hemoglobin stayed at the origin, the GPI fractions migrated toward the cathode, and the PGD and ESD fractions migrated toward the anode. The stains were prepared as described by Gahne and Juneja (19851, except that the powder was dissolved in only 2 mL of .1 M Tris/HCl buffer. The GPI stained rapidly and was seen as dark purple bands (Figure 1 ). The reaction was halted using 1 O/O glacial acetic acid. The bands of esterase were visible under UV light after 5 min (data not shown). A short (15 min) incubation period at 3 7 O C was required for the development of the purple PGD bands (Figure 1) .
Haptoglobin was typed by vertical polyacrylamide gel electrophoresis of serum. The serum samples were centrifuged to remove the stroma and 3% hemolyzate (2 a), and . 4 % bromophenol blue (5 pL1 containing 20% glycerol was added to 3 pL of each serum sample and set aside to incubate a t room temperature for 30 min. The separating gels were 7% acrylamide, prepared with .5 M Tris, pH 8.8, and polymerized with ammonium persulphate and tetramethylethylenediamine after degassing for 15 min. The stacking gels were 5 % acrylamide prepared with .5 M Tris, pH 6.8, and polymerized in the same manner, as described by Laemmli (19701. The electrophoresis buffer was made with Tris base and glycine, pH 8.3.
The serum samples were subjected to electrophoresis for 4 h at 25 mA. Upon completion of electrophoresis, the gels were stained with 10 mL of benzidine reagent (1 g of benzidine HC1 in 25 mL of glacial acetic acid, diluted to 100 mL with distilled water), 10 mL of 3% hydrogen peroxide, and 10 mL of distilled water (Figure 2) .
Data Analysis
Preparation of Data. Marker genotype was determined for each individual a t each of the four loci investigated. The paternal allele was determined in each case from the marker type of the parents.
When the dam was not available for marker typing the genotypic array of her offspring was studied to determine her likely genotype and, thus, to determine the probability that the alternate alleles in her heterozygous offspring were the paternal allele ( Table 1) .
If only one type of homozygote (or no homozygote) was present in the offspring, the conditional probability of the dam being that homozygote or heterozygous was calculated as follows, using gd to represent the genotype of a dam, v&EG, where G is the set of all possible genotypes for a given marker and using 0 to represent the genotypic array of her offspring: An example of this calculation is given in the appendix of this paper. One component of this equation, (P(O(gdl1, is calculated as follows, using n to represent the number of offspring with genotype yo:
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The other component, p0, was calculated from the gene frequencies of the marker alleles in the offspring assuming Hardy-Weinberg equilibrium. The gene frequencies were calculated separately for Landrace and Duroc dams.
Probabilities are given in Table 1 . Only certainties were included in the linkage analysis. However, all data except for cases in which there was equal probability of either allele being the paternal allele (P = .50) were used for the segregation analysis and detection of QTL.
Linkage Analysis Between Markers. For each pair of loci (i.e., GPI and PGDI, the frequencies that the paternal alleles were inherited in cis phase (GPI A -PGD A or GPI B -PGD B) and in trans phase (GPI A -PGD B or GPI B -PGD A) were determined in the offspring. The most frequently inherited phase was identified as the paternal phase, and offspring that inherited it were designated parental-type offspring. Offspring that inherited the least frequent phase were deemed to be recombinant.
Let 0 be the frequency of recombination between two given loci where 6 = r/n, t = number of recombinant offspring, and n = total number of offspring. The null hypothesis ( H , ) is that 8 = '/2 (Le., no linkage, free recombination) and the alternative hypothesis HA) is that 6 e % Ke., the loci are linked). To test for statistically significant linkage between markers, chi-square statistics with 1 df were calculated as follows:
where O i and e, are observed and expected (under the H,) numbers, respectively, and i = 1 refers to recombinant and i = 2 refers to parental type gametes (Ott, 19881. To calculate from 6:
This is the form of the test statistic given by Ott (1988). .e9 < P < 1 , o
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. Expected values for the number of allele transfers from the sire to the progeny were based on a n equal probability of pigs inheriting either allele. Observed values were the sums of the probabilities that each pig inherited the paternal allele stated.
Detection of Quantitative Trait Loci. The models assumed in analyzing the effects of the marker alleles on growth and carcass traits were as follows:
observation on the oth pig of the ith sex, born in the jth month, raised in the kth barn, having a n Zth dam of the mth breed and the nth parity that received marker allele A I from its sire with probability p ; a constant common to all observations; the fixed difference in effects of alternative paternal marker alleles, Only significant two-factor interactions U, < ,051 were included in the final models.
A1
The effect of alternative paternal marker alleles were tested using the GLM procedure of SAS (1985) . This analysis treats dams as fixed effects. The tests, however, are exact (Henderson, 1984) .
Least squares means by marker allele could not be obtained by GLM when dam was included in the model, because GLM treats dams as fixed effects. Least squares means were, therefore, obtained by a reduced model in which dam was omitted. They are, however, unbiased estimates. The P-values stated are the exact P-values obtained using the complete model. 
Results
Probabilities. The determination of the probabilities that each alternative allele was the paternally derived allele, when a pig was heterozygous with a dam of unknown genotype, enabled (on average) 17% more animals to be included in the analysis of growth data and (on average) 24% more animals to be included in the analysis of carcass data ( Table 1) .
Linkage Analysis Between Markers. The number of recombinant offspring and total number of informative offspring for each pair of loci investigated in this study are given in Table 2 . Recombination rates and chi-square values calculated from these data are presented in the same table. The recombination rate between GPI and PGD was estimated to be .092 (i.e., these loci are linked (P e .01) with a map distance of 9 centiMorgans between them). For all other pairs of loci the recombination rates were between .4 and .5 and the chi-square values indicated that they were not linked (P > CNumbers of animals that inherited alternative paternal alleles. dExpected numbers of animals.
hydrogenase; and ESD = esterase D. expected ratio of 1:l for all four marker systems (HP, GPI, PGD, and ESD). The expected ratio was such because the sire was heterozygous for all loci investigated. The numbers of animals that inherited alternative paternal alleles and results of the chi-square analysis are presented in Table 3 .
GENETIC MARKERS AND GROWTH AND CARCASS TRAITS
The number of animals inheriting a given allele is fractional because of the probability estimates. It can be seen, however, that the sum of the numbers of animals inheriting the alternate alleles for a single locus is an integer, as expected.
Detection of Quantitative Trait Loci. Least squares means for the effects of alternative paternal marker alleles on performance traits are given in Tables 4 through 11 . Effects associated with GPI alleles were detected (P < .05) for two growth traits ( (.17 and .28 SD), respectively. Alternative paternal PGD alleles had no effect on growth rate (Table 61 but were associated with differences in muscle firmness score in offspring ( Table 7 ). Pigs that inherited the PGD A allele had a .14-unit lower score for longissimus muscle firmness (score ranged from 1 to 3 units) than did pigs that inherited that PGD B allele (P = .05). This corresponds to 7.3% of the trait mean (.50 SD).
Pigs that inherited the HP 3 allele from the sire had a .06-kg higher weaning weight and a . l l lower score for ham muscle mass than pigs that inherited the HP 2 allele (P 5 .05) (Tables 8 and 9). &LENG = carcass length, centimeters; ABF = average of first rib, last rib, and last lumbar backfat thickness, millimeters; TRBF = backfat a t the 10th rib, millimeters; LMA = longissimus muscle area at the 10th rib, square centimeters; C = longissimus muscle color score at loth rib, 1 to 3 units; F = longissimus muscle firmness score, 1 to 3 units; M = longissimus muscle marbling score, 1 to 3 units; MUSC = ham muscle mass score, 1 to 3 units; FSL = estimated fat-standardized lean adjusted to 10% lipid content, kilograms; LDOA = estimated fat-standardized lean per day of age kilogramdday. 6n = Total number of animals; numbers may be different because of missing data. cAll values are expressed as least squares means. dnW = Number of animals expressing the GPI A allele. en(B) = Number of animals expressing the GPI B allele. No associations with quantitative traits were detected for ESD (Tables 10 and 11 ).
Discussion
Results of this study confirm previous findings of linkage between GPI and PGD (Archibald and Imlah, 1985; Van Zeveren et al., 1988a; Vogeli et al., 1988) . Glucose phosphate isomerase and PGD were in the trans linkage phase (GPI A -PGD B, GPI B -PGD A) in the sire. The recombination frequency determined between these two loci when using all data (.092) was higher than in previous reports (8 = .052, pooled results from Imlah, 1985 and Van Zeveren et al., 1988a,b) .
Studies have demonstrated differing recombination rates between GPI and PGD in different The results obtained excluded HP from linkage with GPI, PGD, or ESD, indicating that this gene is not located in a linkage group with GPI and PGD on chromosome 6 (Davies et al., 1988; Yerle et al., 1990) in the pig or close to ESD on porcine chromosome 13 (Anatoly 0. Ruvinsky, Institute of Cytology and Genetics, Siberian Branch of the Russian Academy of Science, 630090, Novosibirsk, Russia, personal communication). These results, however, do not conclusively exclude HP from being on chromosome 6 or 13. Haptoglobin could be on either chromosome, merely far enough away &LENG = carcass length, centimeters; ABF = average of first rib, last rib, and last lumbar backfat thickness, millimeters; TRBF = backfat at the 10th rib, millimeters; LMA = longissimus muscle area at the 10th rib, square centimeters; C = longissimus muscle color score at loth rib, 1 to 3 units; F = longissimus muscle firmness score, 1 to 3 units; M = longissimus muscle marbling score, 1 to 3 units; MUSC = ham muscle mass score, 1 to 3 units; FSL = estimated fat-standardized lean adjusted to 10% lipid content, kilograms; LDOA = estimated fat-standardized lean per day of age kilograms/day. from GPI, PGD, and ESD to exhibit independent segregation (2 50 centiMorgans). Linkage was not detected between ESD and GPI or PGD, as expected. Segregation distortion was not detected for any of the four marker loci. This indicates that the probability estimations were effective in determining the likelihood of each allele being the paternal allele. It also suggests that embryo survival was unaffected by any genes closely linked to the loci investigated.
The positive effect of the GPI A allele on ADG and age off-test (Table 4) implies a direct effect of the GPI locus on postweaning growth rate or the presence of a gene affecting postweaning growth rate linked to the GPI locus. If the association was due to linkage, the sire's genotype would have
Less convincing is the association of the paternal PGD A allele with less-firm longissimus muscle (Table 7 ). This could suggest that these pigs may have inherited the so-called halothane susceptibility gene (HALn) from their sire on the same chromosomal segment as the PGD A allele. Linkage between PGD, GPI, and halothane susceptibility has been well documented (Archibald and Imlah, 1985; Van Zeveren et al., 1988a1, as has the association of a positive response to halothane gas (HAL+) (otherwise known as malignant hyperthermia) with PSE pork and PSS (porcine-stress syndrome). The consistent association between PSE pork and the halothane-susceptible phenotype in the literature (Mitchell and Heffron, 1982; Webb et al., 1982) suggests that the HAL, locus itself may be responsible for PSE pork (or the effect on muscle firmness in this study). Thus, the genotype of the sire used in this study may have been (Growth+ - 'LENG = carcass length, centimeters; ABF = average of first rib, last rib, and last lumbar backfat thickness, millimeters; TRBF = backfat a t the 10th rib, millimeters; LMA = longissimus muscle area at the 10th rib, square centimeters; C = longissimus muscle color score at 10th rib, 1 to 3 units; F = longissimus muscle firmness score, 1 to 3 units; M = longissimus muscle marbling score, 1 to 3 units; MUSC = ham muscle mass score, 1 to 3 units; FSL = estimated fat-standardized lean adjusted to 10% lipid content, kilograms; LDOA = estimated fat-standardized lean per day of age, kilograms/day. bn = Total number of animals; numbers may be different because of missing data.
'All values are expressed as least squares means. dncZ) = Number of animals expressing the paternal HP 2 allele.
en(3) = Number of animals expressing the paternal HP 3 allele.
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CLAMP ET AL. GPI A) -HALN -PGD B, (Growth--GPI B) -HALn -PGD A. The linkage phase of GPI and PGD in the sire precludes the effect of GPI on growth from being a direct effect of the halothane gene. Alternatively, because no other effects indicative of the halothane gene were detected, the effect of PGD on firmness could be attributed to another gene affecting this trait, or to chance.
The presence of a gene that affects growth (independent from the halothane gene) is supported by differing results in previous reports of associations between HAL and growth rate (Webb et al., 19821 , which may be a n indication of recombination between HAL and a putative growth gene. Vdgeli et al. (19841 found effects on daily gain within the S system, which is located at the p terminal end of the HAL linkage group next to GPI. This implies that a putative growth gene might be located toward the p terminal end of the HAL linkage group on porcine chromosome 6 and supports our finding of a n association between the GPI locus and rate of gain.
The association of the haptoglobin locus with weaning weight seems to be a spurious result because associated effects were not detected with birth weight, 20-d weight, or postweaning growth weight. The association of the haptoglobin locus with ham muscle mass may also have been due to chance, because no other effects on carcass traits were detected that would support the presence of genes affecting this trait.
The detection of QTL by association with marker genes has many important applications. The application of most potential value to the swine industry is that of MAS. In this study, the GPI A allele was found to be associated with increased rate of gain. Determination of the linkage phase in a sire before MAS can be applied .e 1 ~~~~~~~~ ~ &LENG = carcass length, centimeters; ABF = average of first rib, last rib, and last lumbar backfat thickness, millimeters; TRBF = backfat at the 10th rib, millimeters; LMA = longissimus muscle area at the loth rib, square centimeters; C = longissimus muscle color score at 10th rib, 1 to 3 units; F = longissimus muscle firmness score, 1 to 3 units; M = longissimus muscle marbling score, 1 to 3 units; MUSC = ham muscle mass score, 1 to 3 units; FSL = estimated fat-standardized lean adjusted to 10% lipid content, kilograms; LDOA = estimated fat-standardized lean per day of age, kilograms/day. in his progeny is, however, crucial to the effectiveness of MAS. Just one recombination event between a locus affecting performance and linked markers would disseminate a new haplotype among a sire's offspring.
Implications
This study demonstrates the feasibility of using markers to detect loci that affect important quantitative traits in domestic livestock. This type of information has many applications, from providing information about, and models for, human disease to enabling the selection of genetically defined animals so that producers can have exact knowledge of certain genetic attributes that they are adding to their herd when buying new breeding stock or semen. As gene mapping projects proceed, information will be gathered that leads to greater understanding of the physiological functions determining growth, reproduction, lactation, and disease resistance in livestock species.
APPENDIX
Given six offspring, four homozygous AA and two heterozygous AB: The genotypic frequencies in the dam generation were calculated from the gene frequencies in the offspring, using the following equations. Here a represents the different marker alleles and P(aJ, P ( Q , and PlaJ are the allele frequencies in the offspring, dams, and sire, respectively. PIA is the paternal allele) = 1 -P(B is the paternal allele).
P(dam is = P(0ldam is AA).P(dam is AA) is AA).P(dam is
AA
